systemic inflammatory response syndrome; septicemia; acute lung injury; lung lymph protein clearance; sheep tumor necrosis factor; leukocyte sequestration; tyloxapol SYSTEMIC INFLAMMATORY RESPONSE SYNDROME (SIRS) is a complex condition in which immune hyperreactivity after trauma or bacterial invasion may lead to multiorgan failure and death. Despite numerous and vigorous attempts to develop effective therapies for SIRS by means of molecular and cellular biotechnology, the fatality rate in humans remains at 50-60% (20) .
Many of the features of SIRS are due to circulating bacterial endotoxin: lipopolysaccharide (LPS) (8) . In several species of common laboratory animals, the administration of LPS in doses up to 1,000 g/kg are necessary for the development of a condition resembling SIRS with a high mortality rate. LPS is recognized, bound, and internalized through various cellsurface receptors. Subsequently, it activates several cytokines pathways. Proinflammatory mediators such as tumor necrosis factor (TNF) are released primarily from LPS-stimulated cells of the mononuclear phagocyte system (mainly macrophages) (3, 43) .
Among the strategies proposed for the experimental treatment of SIRS, some are directed at blockade of specific LPS receptors, some at binding and elimination of LPS, and some at blocking one or more of the proinflammatory cytokines (18) . For example, the specific blockade of LPS receptors with monoclonal antibodies inhibits secretion of TNF from cultured human mononuclear cells (38) . However, results of clinical trials of specific blockers of single inflammatory pathways have been disappointing (3, 18) . An alternative approach to the prevention or treatment of SIRS would be to develop a broad-spectrum blockade of the hyperreactive immune responses of macrophages, either by killing them or by reversibly inhibiting them. In addition to liver and splenic macrophages, sheep have a large population of pulmonary intravascular macrophages, which develop shortly after birth. As a result, sheep are highly sensitive to small intravenous infusions of some bacteria or endotoxin (4, 5) .
Rooijen and Nieuwmegan (25) (26) (27) developed a successful method to selectively kill actively phagocytizing macrophages in rats, using liposomes containing the heavy metal chelating agent dichloromethylene bisphosphonate. Our laboratory adapted their macrophage-depletion procedure to sheep and quantified the depletion of the pulmonary intravascular macrophages (33) . Depletion of the intravascular macrophages in sheep markedly inhibited both the pulmonary hemodynamic and lymph dynamic responses to intravenously infused endotoxin (34) .
Our intravascular macrophage-depletion regime, although successful, is expensive and the protocol time consuming, if one wants to achieve maximum depletion. Furthermore, the depleted animals are unpro-tected against possible bacteremia until the macrophage population regenerates. Thus we sought another approach, namely, to inhibit the macrophages without killing them. We sought a method that would be cheaper and easier to use yet give blockade of the intravascular macrophages equivalent to physical depletion.
Detergents are known to be nonspecific blockers of many receptor-mediated processes; they are also enzyme inhibitors (2) . Our laboratory demonstrated that nonionic detergents block endocytosis of LPS by endothelial cells in culture (23) . The release of cytokines by LPS-stimulated macrophages can be inhibited by detergents (37) . We also obtained evidence that detergents block macrophage activation in intact animals. Longworth and colleagues (16) gave the detergent tyloxapol in doses of 30 mol/kg to awake horses without any untoward effects. The detergent inhibited most of the acute pulmonary arterial pressure rise, as well as the systemic febrile response and leukocyte sequestration that occur after small intravenous doses of Escherichia coli endotoxin (16) .
A detergent suitable for therapeutic use ought to have a large margin of safety and be biodegradable. Some of the detergents of the Triton family satisfy these requirements. The archetype detergent Triton X-100 is a nonionic polyoxyethylene-phenol detergent (650 Da). Unfortunately, Triton is quite toxic to cells and animals, inserting into the cell membrane and, in sufficient concentrations, forming pores that cause cell lysis. The main biological use of Triton is cell disruption.
Triton WR-1339 (tyloxapol) is a mixture of linear polymers of Triton X-100 ranging between 7 and 10 Triton repeats (mean number average molecular mass is ϳ5,000 Da). It was developed and patented in 1948 by Rohm & Hass (Philadelphia, PA). Tyloxapol is much less toxic than Triton X-100. Although originally used as a mucolytic agent, it was soon discovered that it caused profound hyperlipemia when given parenterally because it blocks endothelial surface lipoprotein lipase. It has widely been used as a model of hyperlipidemic atherogenesis by chronic administration. Cornforth and associates (6) tested tyloxapol and several related polymers as a method to suppress acute tuberculosis infections in mice. A more thorough study of tyloxapol's possible mechanism of action was published in 1958 (21) . Tyloxapol is also used in humans as part of synthetic lung surfactant (37, 42) .
We investigated the effectiveness of nonspecific desensitization of the intravascular macrophages of sheep by tyloxapol as a method to prevent endotoxininduced pulmonary and systemic responses. We present overwhelming evidence that tyloxapol, given intravenously before infusion of a standard dose of endotoxin, markedly inhibits both the pulmonary and systemic responses of unanesthetized, chronically instrumented sheep. Furthermore, we did not find any significant side effects, and the animals recovered completely.
METHODS

Overview of Studies
We conducted two sets of studies. First, we did some preliminary studies to determine the relationship between intravenous detergent dose and inhibition of pulmonary vascular reactivity (dose-inhibition experiments in 6 anesthetized sheep) and to determine the time course over days for the recovery of pulmonary vascular reactivity after intravenous detergent (recovery time course experiments in 6 awake sheep). In these studies, we used Monastral blue pigment and microspheres as test particles for pulmonary vascular reactivity. After this preliminary work, we did the main experimental studies in 10 awake sheep to determine the inhibition by detergent of the pulmonary and systemic responses to intravenous endotoxin.
Materials
Detergent. Tyloxapol (also known as Triton WR-1339; Sigma Chemical, St. Louis, MO) is viscous and slow to dissolve in water. To infuse it in the sheep, we diluted it in 500 ml of warm PBS for 1 h or more before using it.
Test particles. We used two types of particles to test the inhibition of pulmonary vascular reactivity by detergent. Our laboratory has used both of these particles extensively in previous studies to elicit an increase in pulmonary arterial pressure (14, 15, 17) . Monastral blue (Sigma Chemical) pigment particles were suspended in 10 ml saline for injection. Polystyrene microspheres of 1-m diameter (Duke Scientific, Palo Alto, CA) were suspended in 10 ml PBS for injection.
Endotoxin. We used E. coli endotoxin (type 055:B5; Difco, Detroit, MI) suspended in saline to test the inhibition of pulmonary and systemic responses to endotoxin by detergent.
Preliminary Studies
Dose inhibition. We used six halothane-anesthetized prone sheep (25.2 Ϯ 6.0 kg); each was intubated and ventilated with 30% oxygen. In each animal, via an external jugular vein, we floated a triple-lumen Swan-Ganz thermodilution catheter (7F) into the pulmonary artery to measure pressure and to determine cardiac output. We also placed catheters in a carotid artery to measure systemic pressure and in the other external jugular vein for infusions. We measured systemic and pulmonary arterial pressures continuously by using pressure transducers (Medex) zeroed to the sternum and recorded on a direct-writing polygraph. We measured cardiac output in duplicate every 30 min by using 10 ml of roomtemperature, 5% glucose solution injected into the proximal port of the Swan-Ganz catheter; output was calculated by a cardiac output computer (model 3500, KMA).
For each dose-inhibition curve we began with 2 mol/kg (10 mg/kg) of detergent and doubled the accumulated dose at each step until we achieved complete inhibition or until we had infused a total of 150 mg/kg (30 mol/kg). After each detergent infusion, we determined the inhibition of the peak rise of pulmonary arterial pressure caused by a 1-min intravenous infusion of 5-12 mg of Monastral blue pigment particles. Using the baseline peak pressure response as 100%, we calculated the percent inhibition that occurred during each test. We allowed 1 h for recovery from tachyphylaxis between tests (19) .
Recovery time course. After we were satisfied that tyloxapol was safe and caused no observable side effects, we thereafter used unanesthetized sheep. For the recovery time course, we studied six sheep (27 Ϯ 4 kg) that had been earlier instrumented in the manner described above. The animals were standing unrestrained in mobile metabolism cages throughout the experiment. We measured systemic and pulmonary arterial pressures and cardiac output in duplicate, as already described.
In these experiments we measured pulmonary vascular reactivity before and after infusion of detergent (tyloxapol, 30 mol/kg by iv drip over 1 h). We tested the pressure response to a 1-min infusion of 400 l polystyrene microspheres twice in the baseline period, once immediately after completing the detergent infusion and then every 2-3 days thereafter until recovery was complete or 7 days had passed.
As an independent measurement of the effect of the detergent dose on the sheep, we determined plasma lipids as a measure of endothelial cell lipoprotein lipase inhibition. We took arterial samples before and after detergent on day 1 and on every test day thereafter and measured plasma triglyceride concentration by an enzymatic, colorimetric end-point assay (Triglyceride assay kit, Roche).
In four of the six sheep, we also determined the effect of detergent on the uptake of Monastral blue particles by pulmonary intravascular macrophages. We did this by infusing Monastral blue (5 mg/kg iv over 1 h) after the first test response after the detergent infusion in the above-described experiments. To measure the plasma clearance of Monastral blue, we sampled arterial blood 1-15 min after completing the pigment particle infusion (33) . When the study was completed, we killed each animal by a large dose of pentobarbital, opened the thorax, and removed, weighed, and homogenized each lung. We measured lung copper concentration by atomic absorption spectroscopy on triplicate samples of each homogenate and calculated the percentage of Monastral blue (11% copper by weight) retained in the lungs (7, 17) .
Main Experimental Studies
To study the inhibition of the endotoxin response by detergent, we used 10 awake sheep (39.1 Ϯ 2.2 kg) in which we had placed a chronic lung lymph fistula and a systemic arterial catheter for blood sampling or for pressure measurements by using our laboratory's standard procedures (28, 35) . Because these experiments extended over 2-4 wk, we did not keep the pulmonary arterial catheter in place for the duration of the study. On the day before each experiment, we floated a triple-lumen 7F Swan-Ganz thermodilution catheter into the pulmonary artery via an external jugular vein. We used the proximal injection port of the catheter for slow infusions of tyloxapol or endotoxin into the right atrium.
We allowed 1 wk for recovery from the lymphatic cannulation surgery, and then we performed two or three studies in each animal over 1-4 wk. In the first study (control), after a 2-h stable baseline, we infused 1 g/kg E. coli endotoxin diluted in 30 ml saline into the right atrium over 30 min. One week later in the second study (detergent), we gave tyloxapol (40 mol/kg; 200 mg/kg) diluted into 500 ml saline by right atrial drip over 1 h. In seven sheep we waited 4 h, and then we infused the E. coli endotoxin; in three we infused the endotoxin immediately after completing the tyloxapol infusion to determine whether there was any effect of the time delay on the response.
During the 8 h of each experiment, we measured systemic variables (arterial blood pressure, core temperature, hematocrit, circulating leukocyte concentration, and plasma protein concentration) and pulmonary variables [pulmonary arterial pressure, thermodilution cardiac output, lung lymph flow, lymph-to-plasma protein concentration ratio (L/P)], and we calculated lymph protein concentration (lymph flow ϫ L/P). We used lymph protein clearance (LPC) as our overall measure of altered lung microvascular leakiness (34) .
Recovery of the endotoxin response. In five sheep, we were able to maintain the lung lymph fistula long enough to repeat the control experiment with endotoxin alone. We studied one sheep each at 7 and 10 days of recovery and three sheep at 14-16 days.
TNF Measurements
We measured the concentration of TNF in plasma and lymph in a specific double-antibody precipitation RIA (12, 22) , using recombinant bovine (rb) TNF (gift of Ciba-Geigy, Basel, Switzerland) as immunogen for antibody production (rabbit anti-bTNF 314/88) and the standard curve. As an assay tracer we iodinated the TNF with 125 I-labeled Na and iodogen (Pierce, Rockland, IL). We purified the tracer from aggregated material by chromatography through Sephadex G-57 and added it to the assay tubes under nonequilibrium conditions (24-h delayed addition). The minimal detectable quantity of TNF was 12 pg/assay tube. When we added rbTNF to plasma and lymph samples, recovery was linear and uniformly averaged 96% over the range 25-100 pg/200 l sample (in a final tube volume of 800 l). We assayed all samples in a single run; the coefficient of variation between duplicate samples averaged 11.4%.
Statistics
The data and statistics are presented in the eight figures as time course data; each point is the group mean Ϯ SE. No additional statistics were done on data from the preliminary studies (see Figs. 1 and 2 ) or on the time courses for individual animals in the main experimental studies (see Figs. 3 and  7) . In the group summary data in the main experimental studies (n ϭ 10), the baseline period and all times after infusion of endotoxin were analyzed by using a one-way analysis of variance. We used a two-way analysis of variance to compare the endotoxin alone (control) and the tyloxapol before endotoxin (detergent) series (see Figs. 4, 5, 6, and 8) .
Where a statistical difference between the series occurred, we compared the individual time points by a paired t-test taking account of multiple comparisons (Origin, v 4.1; Microcal Software, Northhampton, MA). We accepted P Ͻ 0.05 as indicating statistical significance.
RESULTS
Preliminary Studies
Dose inhibition. Figure 1 shows the dose-inhibition relationship in six sheep between tyloxapol and the peak pulmonary arterial pressure rise caused by the test infusion of Monastral blue pigment particles. The pressure data are plotted as percent inhibition from the baseline response (100%). Of the six sheep, four showed 100% and two Ͼ90% inhibition at the maximum cumulative dose (30 mol/kg).
Tyloxapol had no significant hemodynamic effects on pulmonary or systemic pressures, heart rate, breathing rate, cardiac output, or temperature. There was no detectable hemolysis as determined by visual inspection of plasma or lymph. Thus tyloxapol up to at least 30 m/kg is safe to use and blocks most of the pulmonary arterial pressure responses to our test particles. Figure 2 summarizes the 7-day recovery time course of the pulmonary arterial pressure response after a single dose of tyloxapol (30 mol/ kg) in six sheep. The response was inhibited Ͼ90% for at least 1 day (P Ͻ 0.05). After 3 and 7 days, the test pressure response had recovered to an average of 75%. There was considerable variability among the sheep, as indicated by the large standard error bars. We have no explanation for such interanimal variation.
Recovery time course.
We did not find any acute or chronic side effects to the tyloxapol infusion; no hemolysis was seen in plasma samples, and all sheep appeared healthy, were afebrile, and ate and drank normally until the experiment was terminated. The 30 mol/kg dose blocked not only most of the pressure response to the pigment particles but also the pressor response to the larger labeling dose of Monastral blue (5 mg/kg), which we gave on day 0, after the pressure test.
Plasma triglycerides after tyloxapol. Tyloxapol caused a visible increase in plasma opalescence during the experiment, as we expected, because of tyloxapol's known inhibition of lipoprotein lipase on the luminal surface on capillary endothelial cells. In three sheep, we measured plasma triglycerides for several days after giving tyloxapol (30 mol/kg). All showed a peak in the plasma lipid concentration on the second day with the plasma concentrations returning to baseline levels by 4-7 days (data not shown). More data on the early plasma lipid time course are shown in the main experimental results (see Fig. 5 ).
Monastral blue plasma clearance and lung retention. In four sheep, tyloxapol did not affect the clearance rate of Monastral blue from arterial blood. One minute after completion of the particle infusion, the arterial plasma showed no trace of blue pigment. At postmortem, the lungs were bright blue. The fraction of the infused Monastral blue retained in the lung averaged 78 Ϯ 8%.
Main Experimental Studies
Tyloxapol and endotoxin. We completed paired studies in 10 awake, chronically instrumented sheep with lung lymph fistulas. Thus each animal served as its own control. We include an example of data obtained over the 8-h study in two sheep (see Figs. 3 and 7) . For the remainder, we show the group data because all of the animals responded in the same manner. In each graph we plotted four sets of data: 1) LPC, 2) mean pulmonary arterial pressure, 3) body temperature, and 4) circulating leukocyte concentration; two sets were pulmonary and two were systemic responses. We present these data here because they are germane to our aims in this study and because they changed significantly after endotoxin or between control and detergent experiments. Thus, whereas cardiac output was variable within Ϯ20% and systemic arterial pressure was variable within Ϯ10%, neither showed any group trends. Figure 3 shows two complete 8-h experiments in one sheep (L6-98). In this example, the detergent reduced the LPC increase by ϳ95%, the pulmonary arterial pressure rise by 70%, the leukopenic (leukocyte sequestration) response by 90%, and the temperature response by 90%. Figure 4 summarizes the data for the both experiments in all 10 sheep. There are no differences in the baseline period between control and tyloxapol experiments. After tyloxapol, all of the sheep responded similarly to endotoxin, as indicated by the small error bars. Overall, tyloxapol reduced the expected LPC increase by ϳ90%, the pulmonary arterial pressure rise by 75%, the leukopenic (sequestration) response by 80%, and the temperature response 70%. After the baseline, the data are significantly different between the control and detergent studies, except for one temperature, two leukocyte, and two pressure points. Al- We waited 1 h between detergent doses and particle tests to avoid tachyphylaxis.
though P Ͻ 0.05 was the statistical significance level chosen, the large majority of data pairs have much smaller P values (P Ͻ 0.01 or Ͻ0.001).
Effect of tyloxapol on plasma triglyceride levels. Figure 5 shows that tyloxapol caused a linear rise in plasma lipids in every animal. Regardless of whether the detergent was given 4 h before endotoxin or immediately before endotoxin, the rate of rise of the circulating triglycerides was the same (slopes not significantly different). Endotoxin alone did not affect the circulating lipid concentration, nor did it affect the rate of rise of the lipids after the detergent.
Recovery of endotoxin response after tyloxapol. We studied the recovery from the detergent in five sheep by doing another control experiment 1-3 wk after giving tyloxapol. In two sheep (7 and 10 days after giving tyloxapol), recovery was incomplete (data not shown). This was unexpected because the plasma lipids returned to control levels within 1 wk, showing that the blockade of lipoprotein lipase had disappeared. However, the time course of recovery of the pulmonary hemodynamic response (Fig. 2) did suggest a delayed final recovery.
In three sheep, after 2 wk or more recovery, all responses had returned essentially to the initial control level, as summarized in Fig. 6 . The before and after tyloxapol control studies are essentially identical, indicating complete recovery from the effects of the detergent after 2 wk. There was no indication of any development of tolerance, even though these animals had received three doses of endotoxin over a period of 4 wk.
Effect of tyloxapol on circulating cytokine concentration. Figure 7 shows the time course of both plasma and lymph TNF concentration in one sheep (L8-97), together with two functional attributes; LPC (pulmonary) and body temperature (systemic). In the control experiment, TNF began to increase by the end of the endotoxin infusion, peaking in plasma at the 1-h sample and in lymph at the 2-h sample. Furthermore, the plasma peak concentration was nearly twice the peak lymph concentration. Body temperature peaked at 42°C ϳ1 h after the peak of plasma TNF occurred. Similarly, LPC peaked after both plasma and lymph TNF had peaked. After tyloxapol treatment, the rises in plasma and lymph TNF were markedly inhibited (Ͼ90%), as were the prolonged rises in temperature and LPC. Figure 8 summarizes the time course of mean plasma and lymph TNF in the 10 sheep for the control and tyloxapol experiments. There were no significant differences in either plasma or lymph concentrations between the two groups of experiments during the baseline period. The group data confirm what occurred in the single sheep. After endotoxin alone (control), the plasma TNF concentration peaked at 1 h. The plasma level peaked at almost twice the maximum lymph concentration. After tyloxapol treatment, the rises in plasma and lymph TNF were not only markedly attenuated but also there was almost no differences among sheep as the tiny error bars indicate. The inhibition of the rise in plasma TNF was Ͼ90% and was significant at all times after the endotoxin infusion, even at 6 h (P Ͻ 0.001).
DISCUSSION
Our purpose in performing these experiments was to determine whether the detergent inhibited either the pulmonary or systemic responses to acute endotoxemia. That tyloxapol did so is self-evident from the data for individual sheep (Figs. 3 and 7) and for the whole group of 10 sheep (Figs. 4 and 8) . The increase in pulmonary vascular pressure and microvascular leakiness (LPC), the febrile response, and the inflammatory response (leukopenia and increased plasma TNF concentration) caused by endotoxin were markedly attenuated by tyloxapol. Furthermore, the detergent effects were completely reversible over 2 wk (Fig. 6) . We believe our results using tyloxapol are unique among experimental studies of endotoxemia in whole animals (sheep and horses).
Comparison between tyloxapol and macrophage depletion. When we compare these new results with our laboratory's previous macrophage depletion studies using liposomes containing the heavy metal chelating compound, dichloromethylene bisphosphonate (Clodronate, Boehringer Ingelheim) (33, 34) , we conclude that the use of a detergent is simpler, less expensive, and quicker. Inhibition of the effect of experimental endotoxemia by tyloxapol is equally, possibly more, effective than depletion. The full effect of the detergent appears to be immediate, as we showed for the three sheep in which we gave endotoxin immediately after infusing tyloxapol (main experimental studies). Even on a worst-case basis, tyloxapol was fully effective in all sheep within 4 h.
Other important advantages of tyloxapol over macrophage depletion are that it is more effective in block- ing some of the systemic responses and it is safer. After macrophage depletion, our laboratory had two episodes of uncontrollable bacteremia (33) ; no such problem occurred in the present study. The explanation is suggested by our Monastral blue clearance data; even when endotoxin responses are inhibited by tyloxapol, phagocytosis by the intravascular macrophages still occurs. This is an important consideration for clinical applications of macrophage inhibition.
Benefit of Detergent Nonspecificity
The data indicate that the detergent binds nonspecifically to various intravascular cells (macrophages, endothelium, leukocytes), whereas the toxic liposomes we used for depletion are almost exclusively phagocytized by intravascular macrophages (25, 33) . Thus, although the inhibition of lung lymph dynamic responses are similar for the two blockade procedures, the systemic responses to endotoxin are inhibited much more by tyloxapol. The only direct comparison we have is the leukopenia response, which is ϳ70% inhibited over 6 h after detergent, whereas after macrophage depletion, there was only a small effect (34) .
Dose of Tyloxapol
The dose of tyloxapol we used (40 mol/kg; 200 mg/kg) was completely safe, according to all of our evidence; no sheep became ill or died after receiving tyloxapol. We probably could have safely increased the dose to 60 mol/kg (300 mg/kg) because Patnode et al. (21) gave this larger dose subcutaneously three times in 1 wk to guinea pigs to provoke intense lipemia. On the other hand, tyloxapol may be effective in smaller doses with the potential of more rapid recovery. The 40 mol/kg dose not only inhibited the intravascular macrophage responses to endotoxin but also blocked endothelial surface lipoprotein lipase enzyme, causing a prolonged increase in the total circulating plasma lipids. The lipoprotein lipase blockade is independent of pulmonary intravascular macrophage inhibition because it occurs in mammals that do not have them (6) . Different doses of tyloxapol and alternate routes of administration remain to be explored.
Sensitivity of Intravascular Macrophages
As far as various populations of intravascular macrophages are concerned, the detergent is as nonspecific as are toxic liposomes (34). We do not know of any reliable method to selectively inhibit the pulmonary intravascular macrophages and avoid the liver intravascular macrophages. One advantage of the slow intravenous infusion we used is that the pulmonary intravascular macrophages have the first opportunity to interact with tyloxapol. The pulmonary intravascular macrophages are exposed to 100% of cardiac output, whereas the liver macrophages only receive ϳ25-30% of cardiac output; thus they interact with only about one-fourth of whatever tyloxapol, endotoxin, or particles pass through the lungs on the first circulation. We found that the pulmonary intravascular macrophages retained ϳ80% of infused Monastral blue particles. In our laboratory's macrophage-depletion study, the control sheep retained ϳ85% of the infused Monastral blue (33) . Warner and co-workers (41) reported high pulmonary retention of colloidal iron particles and of labeled endotoxin in sheep on the first pass through the lungs.
Effect of Tyloxapol on Circulating TNF
The dramatic effects of tyloxapol in reducing the endotoxin-induced rise in circulating TNF are similar to the effects of tyloxapol in reducing the other physiological changes after endotoxin. Our data are highly reproducible among the 10 sheep, as indicated by the small standard error bars, so that overall the differences between the groups, after the endotoxin infusion, are highly significant (P Ͻ 0.01); even at 6 h, when the experiment ended, the paired differences are still significant (P Ͻ 0.05).
As Fig. 8 shows, the source of TNF is most likely intravascular because the concentration peaked earlier and reached higher concentrations in plasma than in lymph in every animal. In reports by others, the principal source of plasma TNF in several mammalian species (none of which had pulmonary intravascular macrophages) appears to be the liver intravascular macrophages (13, 39) . However, there is one unexplained failure to block the rise of plasma TNF in the rat after partial liver intravascular macrophage inhibition using gadolinium trichloride (10) . Now that assays for TNF are available for pig (11) , and cattle and sheep (12) , the source of the endotoxininduced rise in plasma TNF needs to be reevaluated. The pulmonary intravascular macrophages make up a huge population, comparable to the mass of liver intravascular macrophages. We believe more attention needs to be given to assays that quantify circulating cytokines in large animals, in which critically important physiological data can be easily obtained.
Tyloxapol's Mechanism of Action
At suitable doses, detergents stabilize biological membranes and modulate membrane-related processes in cells (2) . Surfactants may affect the conformation of membrane receptors for LPS (CD14) or adhesion receptors (such as CD11/CD18), thus acting as antagonists. The addition of detergent (sodium desoxycholate or Tween 80) to cell culture media reduced the phagocytosis of Staphylococcus epidermis by human neutrophils fourfold (40) . Antibiotics of the polymyxin group (polycationic peptide detergents) penetrate bacterial membranes, causing the appearance of numerous protrusions or blebs. Polymyxin also decreases the release of TNF from stimulated alveolar macrophages (36) . Pluronic F68 inhibits the adherence and migration of isolated granulocytes and also decreases the appearance of leukocytes in alveolar lavage fluid in bleomycin-instilled rat lungs (44) . Human pulmonary surfactant reduces the ability of monocytes and alveolar macrophages to phagocytize bacteria (9) . The syn-thetic surfactant Exosurf, which contains 6% tyloxapol, inhibits activation of alveolar macrophages by LPS and blocks the release of TNF and other cytokines. The mechanism of detergent action as a blocker of receptorligand interaction appears to be a hydrophobic association with receptor nonpolar groups.
Cornforth et al. (6) thought that tyloxapol suppressed the growth of tubercle bacilli because of the plasma hyperlipemia. In that way, they explained the fact that tyloxapol suppressed the bacilli in whole animals but not in cell culture. However, Rees (24) showed that the lipemic effect and the therapeutic effect of tyloxapol on tuberculosis infections in mice could be separated, leading Patnode et al. (21) to conclude that ". . . cellular surfaces are somehow altered by Triton."
We wondered whether the rise in plasma lipids contributed to tyloxapol's action in endotoxemia. Whether the endotoxin was given immediately after or 4 h after tyloxapol, the responses were the same, even though the concentrations of plasma lipids were different (Fig. 5) . We conclude that the effect of tyloxapol in blocking responses to endotoxemia is due to the detergent itself and not because it raises plasma lipid concentration.
The uptake and internalization of endotoxin by macrophages in mammals is mainly, if not entirely, facilitated by receptor-mediated endocytosis (39) and thus is a likely target for the detergent's action. The general process of endotoxin internalization involves the formation and invagination of clathrin-coated pits containing the receptors. However, the mechanism of initialization of coated pit formation is unknown (1). Serikov et al. (31) hypothesized that changes in cell membrane-surface free energy may be the trigger. They made a theoretical analysis of surface free-energy nonuniformity as the possible triggering mechanism for endocytosis. In a computer model, their results adequately explained vesicle formation (30) .
To obtain experimental evidence, Serikov and Staub (32) blood-perfused six in situ sheep lungs at constant blood flow and found that Triton X-100 delayed the removal from the perfusate of detoxified FITC-labeled lipopolysaccharide. The results suggested that receptor-mediated endocytosis was inhibited by the detergent. In a follow-up temperature-sensitivity study, Powers et al. (23) found that Triton X-100 completely blocked the internalization of labeled LPS at 40°C but did not block surface binding of the LPS at 8°C. Later, Serikov and colleagues (29) did in vitro studies and found that tyloxapol blocked several human neutrophil receptors: CD4, CD8, CD14. However, neutrophil migration and phagocytosis of S. aureus at 50 M of tyloxapol remained intact (29) . The latter effect is the same as what we found in the chronic sheep experiments of the present study.
Random Order of Experiments
One potential problem with our experiments was that they were not done in random order. We always did the endotoxin control first to avoid a prolonged recovery period before we could do the detergent experiment. To circumvent the problem of randomness, we planned to repeat the endotoxin control after recovery from tyloxapol (2 wk), if we could keep the lung lymph fistula patent. Despite our best efforts, lymph flow stopped in half of the sheep. Among the five recovery control experiments we did complete, one each at 7 and 10 days showed incomplete recovery, although both showed that recovery was in progress. This incomplete recovery is consistent with the delayed recovery time course we found in our preliminary studies (Fig. 2) . Although our comparative data on endotoxin before and after recovery from tyloxapol are limited to three sheep, these are sufficient because the data are essentially identical for all measured variables (Fig. 6) . We conclude that the detergent effect is completely reversible and that our repeated small doses of endotoxin did not provoke tachyphylaxis or tolerance.
Our experiments were designed to study the effect of tyloxapol on endotoxin-induced pulmonary and systemic responses in intact animals. Thus our results cannot solve the basic cellular mechanism by which tyloxapol inhibits endotoxin. However, the results are consistent with the view of Patnode et al. (21) that the principal action of tyloxapol is at membrane surfaces. The results are also consistent with the hypothesis of Serikov et al. (31) that variation in surface free energy is involved in triggering endocytosis.
Clinical Implications
The are a number of possibilities for the therapeutic use of detergents in disease. Here we are interested mainly in endotoxemia, which is a substantial problem in veterinary medicine. Our laboratory has shown in horses and now in sheep that tyloxapol safely inhibits the systemic as well as the pulmonary responses to intravenous endotoxin (16) . Thus we believe it will be safe and effective in a variety of animals, those with and without pulmonary intravascular macrophages. We recommend that clinical trials of tyloxapol be undertaken for the prevention or treatment of acute endotoxemia in valuable livestock.
Many humans die annually from SIRS, as a complication of trauma or sepsis. Thus far, biotechnology has not had much positive impact in human sepsis; mortality remains high. Available experimental animal studies and the new data we have presented suggest that tyloxapol offers promise for the prevention or treatment of acute human endotoxemia. We believe this despite the hyperlipidemia, because it did not appear to cause any problems in our sheep. Naturally, studies of side effects, safety, and dose must be done. We are confident that tyloxapol (or some other detergent) will be found to be safe and effective in humans.
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